Hydroxyapatite (HA) is a member of the Ca apatite family. It resembles natural bone in both structure and chemical composition. HA, owing to its bioactive and biocompatible properties, has been commonly used as an implant material in bone tissue regeneration (osteogenesis), and as a drug carrier in drug and gene delivery systems. With the advances in research on the use of HA, an increasing number of researchers are exploring new synthesis processes, characterization and functionalization techniques for HA and its potential role in various fields such as magnetic resonance, controlled delivery of therapeutic drugs, cell separation, bio imaging and treatment of hyperthermia. Therefore, in this review, we highlight the composition of HA, the advances in its synthesis processes, characterization and functionalization techniques, and its importance in the biomedical field in general, and in emerging areas such as implants, drug delivery, composites, coatings, and ceramic materials in particular. The idea behind writing this review was to collect and summarize the most recent studies involving HA, so that researchers can easily find HA-related information compiled in a single document. In addition, we have also discussed the future prospects of HA. We believe that readers will not only conveniently obtain the desired information from this review, but will also get to the core of the information more easily.
with the emergence of microscopic techniques. 2 With the advances in microscopy, we can now study bone at the microscale level. Research is currently being conducted to study bone at the nanoscale level, and more specically, at the basic unit or building block level (which is called collagen bril). One of the difficulties in studying bone at the nanoscale level is the extremely small size of the bone crystals, which can be as smaller as a few nanometers in width and thickness. 3 Therefore, bone crystals are the smallest crystals formed biologically. Bone has a hierarchically ordered structure, which is similar to that of other biological structures such as the intestine, muscles, etc. 3, 4 The lowest stage of this hierarchy is the uniform, and highly ordered arrangement of HA nanocrystals in collagen brils ( Fig. 1) . Depending on the nature and shape of the bone; nanocrystals are arranged in a highly ordered manner in the collagen bril, either in a lamellar or in a layer-by-layer form. The HA nanocrystals are arranged in such a manner that the c-axes of the HA nanocrystals are oriented along the bril axes ( Fig. 1 ). 4 Chemically, HA is a naturally occurring mineral form of calcium (Ca) apatite (apatite: group of phosphate minerals). Hence, calcium phosphates and its derivatives are of great interest to various elds of science such as biology, medicine, chemistry, and geology. The attempts to determine their chemical structure and composition started in the middle of the 18 th century. However, it was Hausen in the 19 th century who proposed the existence of different calcium phosphate phases (earlier all calcium phosphates were called apatites). Among the various calcium phosphates, HA is extremely important owing to its structural and chemical similarities to bone phosphates. In addition, HA is the most stable derivative of calcium phosphate salts within the pH range of 4-14 at room temperature. 7 It is owing to these properties that HA has found numerous applications in the elds of protein chromatography, fertilizers, pharmaceuticals, water treatment, and biomedicine. 7, 8 Sung Soo Han is a professor at Nano, Medical and Polymer Materials Department, Yeungnam Univeristy, Daegu South Korea. He got his Ph.D. degree from Department of Polymer and Textile Engineering, Seoul, Seoul National University in 1994. He has published various research articles under reputed publishers. His research work focuses on preparation of scaffolds for tissue regeneration, textiles, synthesis of nanoparticles and their role in drug delivery, hydrogels packs for skin care, polymer composite.
Inn-Kyu Kang is a professor in the Department of Polymer Science and Engineering at the School of Applied Chemical Engineering, Graduate School, Kyungpook National University. He obtained his Ph.D. degree in Polymer Chemistry at Kyoto University in 1987, and joined in the Department of Polymer Science and Engineering in 1988 as a professor. He is currently a fellow in the International Union of Society for Biomaterials Science and Engineering. He has published more than 215 articles and his research is focused on surface modication, nanober scaffolds, functionalization of nanoparticles, and liquid crystal biosensors. Comment: During last one decade several advancements have been made in fabrication of scaffolds for tissue engineering using various techniques of fabrication and materials of different origin. The scaffolds for tissue engineering are ranging from nanobers to nanoparticles and have been developed by tuning their morphology and architecture. Several breakthroughs have been reported and successful attempts have been made to overcome the drawbacks of the scaffolds fabricated by conventional and modern methods of scaffolds formation yet signicant amount of research is required to control the vascularity of the scaffolds, which is a major challenge in the eld of fabrication of scaffolds for bone tissue engineering. Although few attempts have been made by harvesting cells from donor/patient to vascularize the scaffolds before their implantation in the patient but area still need intensive research to develop scaffolds with proper vascularization. The worldwide research has achieved success in tissue engineering but matrix induced autologus condrocyte implantation has received little success in repair of cartilage. The bioactivity of scaffolds totally depends on surface topology, microstructure, chemistry and mechanical properties of scaffolds. Thus controlling the cells behavior and remodelling is a critical step in development of next generation scaffolds for tissue engineering. The functionalized scaffolds loaded with certain amount of growth factor and therapeutics to stimulate cells proliferation and treatment of infection aer surgical operations also strongly needed to achieve success in the area of tissue engineering and regeneration. The increasing interest to incorporate a drug delivery function in the scaffolds is emerged as a new eld of scaffolds engineering. The drug loaded scaffolds are able to provide sufficient amount of drug at a specic place in comparison to systematic drug delivery systems. The scaffolds loaded with growth factors such as cytokines, hormones, morphogens and proteins need to be developed to enhance cells adhesion, proliferation and differentiation in tissue engineering. The mechanical behavior of scaffolds has important implication on tissue regeneration; stiff scaffolds mimic pre calcied bone and elastic scaffolds mimic the elasticity of muscles, which cause mesenchymal stem cell differentiation down to a myogenic pathway. Thus scaffolds with optimized mechanical strength need to be fabricated for enhanced bone tissue engineering. The critical review of the literature reported during last one decade has clearly indicated that there is lot of scope to improve the properties and functionality of the scaffolds for bone tissue engineering using various biomaterials and their fabrication techniques.
HA has found broad applications in the biomedical eld 7 owing to its bioactive and biocompatible nature. It has been frequently used in bone tissue regeneration. Several researchers have reported enhanced osteogenesis using HA. 7 In addition to enhancing osteogenesis and acting as an implanting material, HA has been commonly used as a coating material as well. HA is usually coated on the surface of the implanting materials to enhance their bioactivity. Furthermore, HA is also a suitable material for carrying drugs (specially proteins) to the targeted sites, or for a slow and sustained release of drugs, which will ultimately help in stimulating the growth of osteoblastic cells. 9, 10 Owing to its wide range of applications in the biomedical eld, and more specically in bone tissue regeneration (osteogenesis), HA has been under intense study and several researchers have published their ndings on the use of HA in various reputed journals and conference proceedings ( Fig. 2) . Therefore, the aim of this review is to compile all the information related to HA, discuss and summarize it in a structured manner, and provide future prospects, so that readers can easily access the desired information.
Chemical composition and synthesis of HA
As mentioned earlier, HA is a member of the apatite family (consists of Ca and phosphates) with the general formula Ca 5 (PO 4 ) 3 OH, and unit cell formula Ca 10 (PO 4 ) 6 (OH) 2 . In the unit cell of HA, Ca and phosphates are arranged in such a manner that four Ca atoms are surrounded by nine O atoms of the phosphate moieties at the M1 position, and the other six Ca atoms are surrounded by the remaining six O atoms of the phosphate moieties at the M2 position. M1 and M2 are the crystallographic positions for all Ca atoms ( Fig. 3 ). 4, 11, 12 Regardless of its origin, HA contains traces of impurities such as phosphite ions (PO 3 3À ), chloride ions (Cl À ), uoride ions (F À ), and hydroxyl ions (OH À ). PO 3 3À and Cl À have been reported to weaken the HA structure, whereas F À and OH À are known to enhance the apatite strength.
Owing to the importance of HA in bone tissue regeneration and as a drug delivery material, various techniques have been reported for the preparation of HA nanoparticles and nanorods. Particle size and morphology are two important factors for suitable biomedical applications of HA. 13 High emphasis has been placed on both HA synthesis and particle size, but very few reports are available on the morphology control of HA. The techniques commonly used for the preparation of HA particles include chemical precipitation (CP), 14, 15 hydrothermal (HT), 16, 17 electrospinning (ES), 18 electrospraying (ESp), 19 solid state (SS), 14, 15, 20, 21 microwave irradiation (MI), 22-24 self-propagating combustion (SPC), 25 emulsion and microemulsion (EMe), 26 surfactant-assisted precipitation, 24,27-29 chemical vapor, 29 and ux cooling (FC). 30 All these methods used for the preparation of HA particles result in different morphologies (Table 1) and chemical compositions. 31 The number of annual publications using these methods is shown in Fig. 4 . As observed from the gure, the most commonly used methods for the synthesis of HA are CP, HT, and sol-gel (SG). However, the preparation of HA nanoparticles with the right stoichiometry, high aspect ratio, and high crystallinity remains difficult to obtain. Conventional wet mechano-chemical methods are able to control the stoichiometry of the nal product. In these methods, precursor solutions of Ca 3 (PO 4 ) 2 and Ca(OH) 2 , are co- precipitated and then calcined at 1000-1200 C to rene the crystal structure. If the Ca/P stoichiometry is not adjusted to 1.67 during the precipitation step, then other phases such as b-tricalcium phosphate (TCP) and CaO will be formed at lower and higher values, respectively. Furthermore, it is difficult to control the simultaneous nucleation, crystal growth, coarsening, and/or agglomeration, which occur during the precipitation of the HA particles. 32 To synthesize HA particles with a tailored size, various additives such as allylamine hydrochloride, 33 cetyltrimethyl ammonium bromide, 34 and poly(acrylic acid) have been used. 35 Kehoe et al. synthesized HA powders using a fractional factorial, resolution IV via a two-level experimental design to assess the critical process parameters (reagent addition rate, reaction temperature, stirring speed, ripening time, initial Ca concentration, and the presence of an inert atmosphere) and their effect (main and interaction) on the nal HA powder characteristics, such as phase composition, purity, crystallinity, crystallite size, lattice parameters, particle size, and particle size distribution. This investigation of selected parameters showed an inuence on one or more of the responses investigated, as either a main or an interaction effect. However, the ripening time and stirring speed signicantly affected the majority of the ve responses. In addition, the reaction temperature has a signicant effect on the nal phase composition, lattice parameters, and particle size as well. 36 Low-temperature HT methods showed regulated ageing and a controlled size. 37 Despite being a relatively simple technique for the synthesis of HA, SS methods have barely been reported ( Fig. 4 ). The main limitations of this technique are the use of high temperature and longer reactions times, which allow the formation of different calcium phosphate phases (a-and b-TCP (Ca 3 (PO 4 ) 2 )). The presence of these phases in the nal product adversely affects the mechanical properties of HA, and thus, make its performance unpredictable. 38 The SG technique is another common method to synthesize HA. This technique has advantages over the above-mentioned methods as it allows the use of low processing temperatures (lower than 400 C), results in a homogeneous molecular mixing, and generates nanosized particles. K. Agrawal et al. fabricated HA using the solution gel technique. They used phosphoric pentoxide (P 2 O 5 ) and calcium nitrate tetrahydrate (Ca(NO 3 ) 2 $4H 2 O) as precursors. Aer the mixing and gelation steps, they calcined the sample at 400 and 750 C for 8 h to remove residues and enhance the crystallinity of the HA. They then characterized their nal compound (HA) via various spectroscopic techniques. 39 In general, to prepare uniform small-sized HA nanoparticles/nanorods, fast precipitation methods are preferred, which have the advantage of avoiding nucleation and crystal growth (which are the basis for attaining monodisperse particles). In addition to fast precipitation methods, aging techniques can also be used for the preparation of HA nanoparticles/nanorods. 40 However, the synthesis of nanosized HA particles with the proper stoichiometry, high aspect ratio and good crystallinity are still difficult to obtain.
Characterization techniques
Various characterization techniques have been used to characterize HA in the form of nanoparticles, rods, discs, and powder. These characterization techniques are broadly classied as spectroscopic and direct visualization techniques. The details about the advantages and limitations of these techniques are given in Table 2 . Fourier transform infrared (FTIR) and Raman spectroscopies, and X-ray techniques have been regularly used for the characterization of HA. Spectroscopic techniques such as FTIR and Raman are used to conrm the chemical composition of the HA. Both techniques use characteristics specic to the material to determine the composition. For example, HA shows various characteristic peaks in the FTIR spectrum at 3572 cm À1 (OH stretching), 1087, 1046, 1032 cm À1 (P-O stretching) and 631, 602, and 574 cm À1 (O-P-O bending) ( Fig. 5I(a) ). On the other hand, Raman spectra show characteristic HA peaks in the 1045-963 cm À1 region. The peak at 1045-1043 cm À1 is attributed to the asymmetric stretching of P-O, whereas the peak at 963 cm À1 conrms the presence of tetrahedral PO 4 3À ( Fig. 5I(b) ). The presence of this peak at this position further conrms that HA is ordered and highly crystalline. 45 X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique that provides elemental composition at parts per thousand range, and information about the empirical formula, chemical state, and electronic state of the elements within the material. In the XPS spectra, HA shows photoelectron signals ( Fig. 5I(c 5I(e) ). 46 Energy dispersive spectroscopy (EDS) is another very important technique used in combination with scanning electron microscopy (SEM). In EDS technique, peaks appear due to the unique atomic structure of the atoms. For HA, the unique peaks of Ca, P, and O appear at their characteristic positions, as shown in Fig. 5I(d) . Direct visualization using SEM, transmission electron microscopy (TEM), and atomic force microscopy (AFM) provides information about the morphology, shape, size, and dispersion of the HA nanoparticles ( Fig. 5II(a-e) ). Occasionally, the information obtained from SEM is not very conclusive, and thus, supplementary techniques such as TEM and AFM are required to determine the dispersion, shape, and size of the HA nanoparticles. 47 
Surface modification of HA nanoparticles
To control HA nanoparticle dispersion, delay the dissociation from the composite materials, and make them application-specic, researchers have studied several options. One of these options is surface modication. The aggregation of nanomaterials is a common issue encountered by researchers. Aggregation depends on the type of nanomaterials, surface energy, reagents or method used for nanoparticle synthesis and hydrophilic-hydrophobic interface between the solutions (polymeric or non-polymeric nanoparticles). To overcome this difficulty in HA nanoparticles, various emulsifying agents (like detergent or surfactant) and bridging agents (chemicals or coating the nanoparticles surface with some molecule) have been used. For example, Kim et al. used hydrostearic acid 50 as a bridging agent between hydrophilic-hydrophobic HA and poly(L-lactic acid) (PLA). Bridging agents (mediators) are mainly amphiphilic compounds that contain both hydrophobic and hydrophilic moieties. Therefore, to achieve better HA dispersions in solution, the surface modication of HA via these bridging agents is promising not only for the fabrication of HA nanoparticles with uniform dispersions, but also for the preparation of composite scaffolds. In addition, another positive aspect of the surface modication is that it delays the dissociation of HA nanoparticles from the composite materials. Since HA nanoparticles are mostly used in biomedical applications, these bridging agents must fulll certain requirements. Hence, they should not: (i) compromise the biocompatibility, (ii) be cytotoxic, and (iii) alter the physiological or biological properties of the nanoparticles or llers. Different materials and methods have been used for the surface modication of HA (Table 3) . For example, Tanaka et al. modied HA using decanoic and hexanoic acids, and these compounds bonded strongly to P-OH via hydrogen bonding. These acids can be removed from the sample (restoring the original P-OH surface) by outgassing the sample at 500 C. The use of carboxylic acids has two advantages: (i) using long chain acids (chain with more carbon atoms than acetic acid) would convert HA from hydrophilic to hydrophobic, and (ii) since animals contain different types of carboxylic acid moieties in the form of proteins, metabolic inhibitors, vitamins, and fats, HA interacts strongly with the carboxylic acids of these species. 51 55 Inorganic materials such as silanes are also suitable surface modiers, as they stimulate adhesion, have a bonding ability, and can act as bridging agents for both inorganic and organic materials. Silanes anchored on HA will remain non-cytotoxic, compared to free silanes, which are considered cytotoxic. 57, 58 It is for this reason that silanes have been used in the fabrication of dental 59 and bone implanting materials. 60 Researchers have also used graing (using polymers to improve dispersion and growth factors to enhance cell growth) to modify the surface of HA. For example, Hong et al. graed L-lactide (LA) to HA using ring opening polymerization. 61 The same authors also graed poly(L-lactide) (PLLA) to HA via the carbonyl moieties of PLLA. They reported that the HA particles could be easily dispersed in PLLA using this method. 62 Graing techniques ), etc., have been doped into the structure of HA. The presence of these dopants in the structure of HA are signicant for the biostructure and biochemistry of the HA to be similar to natural bone. 72, 73 The doping of these ions into HA did not disturb the structure conguration, as HA is known for accommodating different ions: however, in some cases the crystallinity, morphology and solubility of HA were changed. Studies have shown that these changes did not affect cell behaviour, though in some cases cellular biocompatibility properties were changed. This issue was well highlighted by Zhao et al. who have shown that the selection of doping ions has a strong impact on cell behaviour e.g. a minute amount of Mg 2+ ions in the HA ($1.5 wt%) could lead to a signicant cytotoxicity in MG63 cells, but not in rMSCs. They further elaborated that HA internalization (endocytosis) is affected by the stabilization of negative surface charge. This effect was more pronounced in MG63 as compared to rMSCs. Research with Mg 2+ doped HA further suggested that these nanoparticles could be used to kill cancer cells. This use of such particles will not only eliminate the need of conjugating anticancer drugs onto the nanoparticles but will also solve the issue associated with drug toxicity. 74 Thus a proper selection of the foreign doping ions is imperative, if HA is intended for use in cell culture. In another study Subhadip et al. studied the effect of Sr 2+ and Mg 2+ dopants on the structural stability and biological properties of HA. They observed that the presence of Mg 2+ and Sr 2+ not only enhanced the stability of the particles but also improved the osteoblast response activities and density of the viable cell on a negatively charged surface for all cultural periods. Thus, they have concluded that metal ion dopants affect mineral metabolism in the bone remodelling process and enhance the osteoclast apoptosis as well as preosteoblastic cell proliferation. The presence of these dopants in the HA could lead to the designing of bone gra materials that could be of potential use in tissue regeneration for faster healing. 75 Li et al. doped HA with manganese (Mn 2+ ) and iron (Fe 3+ ) ions using wet chemical method and ions exchange mechanism. The samples showed no deviation from the structure, morphology and crystal size, and were single phased and B-type carbonated HA (carbonate groups partially replaced phosphate groups in the lattice structure). Both dopants showed no toxic effect on osteoblast cells. Fe 3+ doped HA illustrated enhanced osteoblast cell adhesion and increased negative surface charge as compared to Mn 2+ HA and pristine HA. 76 The evidences in the above mentioned studies is clearly showing that metal cations dopants can extract more physicomechanical and biological benets, when incorporated into at issue-engineering construct. Most of the cations dopants are non-harmful even at considerable high concentration. Having said this and as described above some cations can cause toxicity if their concentration is increased beyond a certain level. Furthermore, appropriate considerations must be given to the type of a chemical compound that intended for use in metal doping of the biomaterials. This precaution is imperative because some chemical entities might cause toxicity in the host tissue, although the cations used their selves are not toxic. Besides, very little information is on hand regarding the bioavailability of the metal dopants when released from biomaterials in vivo during biodegradation. In addition, the mechanism of action of dopants at the cellular level has not well reported in the literature. Despite all these limitations and drawbacks, the existing research has provided exciting evidences, which suggests that further work with metal doped bioceramics is not only going to be well-timed but also worthy of fast healing the tissue implant. 77 
Applications of HA nanoparticles
The interaction between inorganic materials and protein molecules is of pivotal interest for researchers working in the eld of biomaterials, biomineralization, biosensors, biochemistry, and industry. 77 Scientists working in the eld of drug delivery and tissue regeneration, more specically in bone tissue regeneration, have acquired sufficient knowledge to determine the interaction between HA and various proteins. HA crystals have two binding sites, i.e. "C" sites (Ca 2+ ) and "P" sites (PO 4 À ) owing to its chemical composition and specic orientation. Within a crystal, the "C" sites are arranged in a rectangular manner, whereas "C" sites are arranged along the c-axis surfaces in the hexagonal conguration ( Fig. 7) . [79] [80] [81] By suspending HA in aqueous media, the "C" sites are exposed and they acquire positive charge, which is mainly attributed to the release of OH À ions from the crystal surface. The "C" sites, aer the release of the OH À ions, are le with positively charged Ca 2+ ions. These positively charged Ca 2+ ions interact with the negatively charged proteins. Chen et al. reported that -COO À ions with their negatively charged oxygen interact with the "C" sites of HA. 82 Shaw et al. also conrmed via solid state NMR that terminal -COO À amelogenin ions interact with the HA surface. 83 On the other hand, "P" sites are negatively charged ions (P(PO 4 À )), which interact with the positively charged proteins. In addition to their reactivity with proteins, HA is also used under physiological conditions. Therefore, HA has also been used in chromatography for separating various proteins. 84, 85 Since HA, due to its biocompatible properties, has a higher potential for applications in the biomedical eld, scientists working in the orthopedic eld have been using HA on the bone implanting material. Besides its use as an implanting material, HA has been used in gene delivery, cancer therapy and as a bio imaging tool. Gene therapy is a long recognised promise for the treatment of a wide range of incurable diseases through replacement of the missing or defective genes, catalyzing the destruction of cancer cells, causing the cancer cells to revert back to normal tissue, promoting the growth of new tissue or stimulating regeneration of the damaged tissue. 86, 87 However, this promise still remains unfullled, primarily due to the lack of a safe and competent vehicle for the delivery of gene. HA is considered a potential candidate for this purpose as HA possess characteristics of an ideal gene vehicle.
The potential of the HA as gene delivery vehicle was evaluated by Tan et al., who compared the non-viral gene delivery of neutrally charged HA and positively charged zirconia (ZrO 2 ). In their work they found that a mixture of highly monodispersed aqueous suspension of HA nanoparticles, coated with protamine sulfate (PS), complexed efficiently with plasmid DNA and signicantly enhanced trans gene expression in vitro as compared to ZrO 2 . 86 Similarly, Liu et al. proposed that HA-based nanoparticles could be used for bioimaging of living cells as well. For example, the authors prepared well dispersed uorescein isothiocyanatelabeled HA nanoparticles using SiO 2 as template for imaging tissues or intracellular structures. 88 Thus with uorescence imaging method using nontoxic uorescent hydroxyapatite (fHA) nanomaterials, visualization of the complete organ in complicated biological processes is possible. 89 A detailed description of some of the most important applications is given below.
HA as a drug delivery carrier
Most biological Ca apatites are known for their irregular morphologies, which result from the presence of residue materials in the apatites. However, the surface of HA is rough, which favours the use of HA in biomedical applications. The rough surface together with the "P" and "C" sites of HA facilitates protein binding during the process of mineralization. 92 The importance of the rough surface and the "P" and "C" sites has been conrmed by the interaction of amino acids with HA. 92 During the last decade, research has been focused on the use of HA as a drug delivery carrier, and this is evident from the increasing number of research articles each year ( Fig. 8 ) (this data was obtained from Scopus). Several researchers are investigating the use of HA nanorods/nanoparticles as a drug delivery carrier for various proteins (growth factors) and drugs. 10, 49, 93 For example, Haider et al. modied the surface of HA with a spacer using an amino acid (glutamic acid). They immobilized proteins growth factors (protein drug) on the free terminal groups (carboxylic (-COOH) or amine (-NH 2 ) moieties) of the spacer. The drug-loaded/modied HA nanorods/nanoparticles were then blended with a polymeric solution to carry the drug-loaded HA to the target site. 61 Yewle et al. oriented proteins on the surface of HA using bifunctional hydrazine bisphosphonate (HBP) with hydrazone bonds ( Fig. 9(a) ). They rst modi-ed the surface of HA with HBP, followed by the immobilization of the protein with aldehyde functionality. The aldehyde functionality was obtained via oxidation of the N-terminal of serine and threonine. From the analysis of the results, they concluded that the oriented proteins showed better activity as compared to the absorbed proteins. 94 Furthermore, Li et al. fabricated Gddoped luminescent HA and mesoporous SrHA nanorods and reported that their HA-modied aptamers could be used as a therapeutic agent against cancerous cells ( Fig. 9(c) ). 95 Son et al. used HA coated with Ti discs (Fig. 9(b) ) for the delivery of bioactive drug molecules (dexamethasone (DEX)) using biodegradable poly(lactide-co-glycolide) (PLGA) nanoparticles. In their study, they coated the surface of Ti with HA and electrostatically immobilized DEX-loaded PLGA nanoparticles on the coated surface. 96 The sample with the lowest surface roughness S 3 (as shown in Fig. 9(b) ) showed not only a sustained release of DEX over a period of 30 days, but also developed more extracellular matrix on it. Recently, Ibrahim et al. used a very simple methodology and produced mesoporous HA nanopowder with a pore volume of 1.4 cm 3 g À1 and a surface area and of 284.1 m 2 g À1 from raw eggshells at room temperature using a simple twostep procedure. The as-prepared HA nanopowder showed high loading of ibuprofen drug (1.38 g g À1 HA), which was used as model drug. Good dissolution and controlled release of the drug via solute-saturated supercritical CO 2 was observed ( Fig. 9(d) ). 97 Besides these studies, various research groups around the world are working on the sustainable use of HA as a drug delivery carrier on the surface of implanting materials (in one way or the other) to improve the bioactivity of the implanting material. 98-101
HA as a coating material
To restore a damaged bone, it is imperative to design a bone implanting material that can be used not only for curing the bone defect, but also for reconstructing the bone. There are several difficulties in fabricating suitable bone implanting materials. For example, the rst difficulty that commonly appears is the synchronization between the implanting material and bone during the bone remodelling process (resorption and reparative process). The implanting material should not have any adverse effects on the immune system. To date, the methods used for managing bone defects are allograing, autograing, and synthetic (fabricated using HA or naturally occurring biocompatible substances) bone implantation techniques. However, all these techniques have their limitations. For example, the implanting materials sometimes resorb before the osteogenesis, rendering the material ineffective. 103, 104 In other cases, infections due to the implants result in incidence of disease and even death, which are very costly to the patient in particular and society in general. 105 Owing to these reasons, it is necessary to devise a way to design and fabricate suitable bone tissue regenerating implants. For the fabrication of an implanting material, four vital aspects of an implant should be considered: (i) the implanting material should have a signal carrier, (ii) the implanting material should present a morphogenetic signal, (iii) responsive cells for the signals should be present in the implanting sites, and (iv) the existence of a well vascularised host bed. 106 Recently, a technique has been used where an implant is coated with a biocompatible and bioactive material to enhance the compatibility and bioactivity of the implanting material. For bone tissue regeneration and implanting, the most common coating agent used is HA. The importance of HA as a coating material is evident from the number of articles that have been published in the last decade using HA as coating material (Fig. 10) . HA has been used as a coating material because it chemically resembles natural bone. Furthermore, coating of the implanting material surfaces (usually metallic prosthesis) with HA enhances the osteointegration with bone. 107 Sintered HA can adhere tightly to the bone, thus hindering degradation. J. He et al. used a thin coating of HA on a Ti implanting surface via a plasma spraying method. 109 The advantage of this method is that it avoided a sub-optimal fatigue of the sintered HA. Other well-known methods that have been used to coat HA on the surface of implanting materials (metallic) sputter coating, include dip coating, pulsed laser deposition, hot pressing and hot isostatic pressing, thermal spraying, electrostatic spraying, electrophoretic deposition, solution gel, pulse laser deposition, and an electrostatic layerby-layer sputtering method. 105, 109 The advantages and disadvantages of these coating techniques are presented in Table 4 . Researchers working in the eld of bone tissue regeneration have concluded that the shear strength of a Ti alloy coated with HA is similar to that of cortical bone. 110 Rigo et al. coated a silicon nitride surface with HA to enhance its bioactivity and biocompatibility. Silicon nitride has good mechanical strength, but it has limited biomedical applications due to its inertness. 111 LeGeros concluded that osteoblastic cells could easily interact with the HA-coated surface. 112 These interactions will lead to the formation of osteoids and thus to chemical and biological interactions between the implanting material and bone in a safe manner. The authors also concluded that besides the osteoconductive properties, HA (with a 3D morphology) also shows osteoinductive properties when it binds and interacts with bone morphogenetic proteins (BMPs). 112 All the techniques used for coating HA on the surface of metal alloy prosthesis and other orthopedic implanting materials helped in stimulating new bone growth under optimized conditions. 105 However, limitations associated with the necessity and effectiveness of HA coatings for various anatomic sites, the strength of HA coatings to withstand physiological loads without fragmentation, and the issues related to third-body wear by HA particles restrict its applicability. 105 
HA-based composite materials
As mentioned earlier, polymers are of great use in the eld of tissue regeneration. The polymers used in bone regeneration can be either biodegradable or non-degradable and can have a natural or synthetic origin. In the latter half of the 19 th century, Urist et al. concluded that polymers induced bone formation in animals. [113] [114] [115] Similarly, Kulkarni et al. concluded that the morphology of polymer-based implants and the implanting sites were pivotal in stimulating bone tissue regeneration. They reported that tubular absorbable polymer implants could enhance bone tissue regeneration in long bones. 116 Various synthetic polymers have been tested directly or in combination with HA to mimic natural bone matrix. Among them, PLGA, 117 PLA, 118, 119 and poly(caprolactone) 120, 121 are the most frequently used polyesters. In most polymeric composites, HA has been used as an enforcer to provide Requires an acidic solution for an effective loading Low mechanical stability mechanical strength and bioactivity to the composite material. 10, 49, 93 The importance of HA in bone tissue regeneration has been reported extensively. Even though research on the application of HA composites is advancing slowly, it has been steadily increasing. This is evident from the number of articles published on this topic over the last decade ( Fig. 11 ). Various researchers have fabricated HA/polymer scaffolds for use as a drug delivery carrier, improved bone tissue regeneration (graing proteins and drugs on the surface of HA) and treatment of various bone defects such as osteoporosis. Haider et al. immobilized insulin and BMP-2 on the surface of HA. The modied HA was incorporated in PLGA to prepare HA/PLGA composites. They concluded that aer the protein was immobilized on HA and its composting with PLGA, the composite enhanced osteoblastic cell growth and accelerated osteogenesis. 49 In another study, the authors also immobilized pamidronic acid on the surface of HA to treat osteoporosis. Due to excessive osteoclastic activity, bones are prone to break; hence, they concluded from their experiments that pamidronic acid reduced the osteoclastic cell activity. They also showed that the presence of HA enhanced the osteoblastic cell activity. 122 123, [125] [126] [127] In another study, a group of researchers tried a variety of combinations of chitosan and HA to improve the biocompatibility and mechanical strength of chitosan-based materials. For example, a composite containing high molecular weight chitosan and HA particles was prepared by freezing and lyophilisation. The composite showed better mechanical properties than medium molecular weight chitosan ones. 128 Furthermore, various collagen compositions with HA have been reported as well, which have shown better biocompatibility and enzymatic degradability. [129] [130] [131] [132] 
HA-based ceramics in bone tissue regeneration
Natural bone is a ceramic composite comprised of calcium phosphate, collagen, and water. Apart from these major constituents, polysaccharides, lipids, and proteins are also found in natural bone in small amounts. Calcium phosphate is present in bones in the form of HA crystals, which provides rigidity to the bone. The HA components are similar to those of bone with some impurities of Na + , Mg 2+ , and F À ions. HA crystals in bone are in the nanometer range for length and width. The presence of HA in an implant not only enhances the osteoinductive behaviour of the implant, but it also improves the osteoconductive properties between the implant and the bone cells (osteoblastic cells). 125 Owing to the similarity between HA and inorganic cement of natural bone, HA has been frequently used either in pristine, composite, or ceramic form for bone tissue regeneration. This is evident from the number of articles published on this topic between 2007 and 2016 ( Fig. 12) . To achieve the desired goal (safe and satisfactory bone regeneration), the selected materials for an implant should have similar properties to those of natural bone. The knowledge of the natural environment of bone osteoblastic cells is imperative, if infection-free bone regeneration is desired. Several HA bioceramics have been prepared to mimic natural bone. However, as mentioned above, it is necessary that the implants provide an environment close to the natural one. For example, besides other factors, the implant must have a mechanical strength close to that of the bone. Hence, the difference in mechanical strength between the implant and bone should not exceed a factor of 55 (between moduli) with respect to cortical bone, or it will have an adverse effect on the living cells of the bone (due to the bone shielding by the bioceramic implanting material). 133 In addition, excessive hardness of the bioceramic implanting materials will lead to wearing of the bone. HA-based bioceramics can be fabricated by various methods according to the requirements of the experiment or implanting site ( Table 5 ).
For the preparation of an implanting material with high tensile strength, sintered (dense) ( Fig. 13(a) 125 and 134) ). Porous ceramics ( Fig. 13(a) ) with interconnected pores fabricated by burning the organic materials 135, 136 are mainly used in drug delivery, bone in growth, bone xation, etc. 135, [137] [138] [139] Research is growing on the preparation of bio-ceramics to mimic natural bone cement. For that purpose, various reinforcing agents such as metals, nanoparticles, and bers have been tested. However, adding these materials may sometimes affect the biocompatibility of HA. To overcome this issue, Ahn et al. fabricated HAbased Zr bioceramic materials with a ne structure and enhanced mechanical properties, and suggested that it could be used both in dental and orthopedic implanting materials. 140 Yamashita et al. used an electrospinning technique to control the morphology of HA-based ceramic materials. Using this technique, the HA crystals on the negatively charged surface of the HA ceramic were grown in simulated body uid. 141 Several research groups have been studying various systems to fabricate an ideal scaffold, and thus, they have been testing different materials such as HA/collagen, 126, 142 HA/PLGA and HA/PLA, 123, 143 HA/PMMA, among others. 127, 144 However, despite the recent advances, there is a necessity for more research to prepare an infection-free implanting material with sufficient mechanical strength.
Future prospects
With the advances in materials science and nanotechnology, new materials have been regularly fabricated for several purposes. HA is used as an orthopedic implant, coating on metallic materials, and drug delivery carrier. Substantial advances have been made regarding our knowledge and understanding of cellular reactions to HA and related ceramics. However, HA still has limited applications in loadbearing systems. Hence, researchers are now focusing on the development of materials that could bear loads (sufficient mechanical strength). They are using various strategies to combine HA and related calcium phosphate materials with natural polymers to fabricate composite materials with mechanical strength, elasticity, and toughness similar to that of bone. Moreover, scientists are also facing a challenge to develop strategies to avoid possible infections. Research has been advancing in this direction using nanotechnology. HA coating is also playing a vital part in the enhancement of bone formation, as these provide an osteoconductive and osteoinductive approach. The biological properties may be amplied further by graing growth factors and other useful molecules to HA to fabricate a real osteoinductive platform. However, limitations related to the necessity and effectiveness of HA coatings in different anatomic sites, robustness of HA coatings to withstand physiological loads, and third-body wear by HA particles, restrict its application. Further research to answer these questions will improve the mechanical and biologic aspects of HA-based implants and optimize their safety and efficiency. Fig. 13 Example of sintered HA used as an artificial bone substitute (reproduced with permission from MDPI) 146 and graded porous HA materials using tape-casting and lamination (reproduced with permission from MDPI). 147 
